Zinc depletion affects several facets of the immune system and the resistance to infections. We assessed the effect of zinc deprivation on the immune response to the pneumococcal polysaccharide antigens in the commercially available Pneumovax 1 pneumococcal vaccine. Young female BALB/c mice were fed diets with 2.7, 5.8 or 25 mg of elemental zinc per mg diet. After six weeks of pair feeding, there were significant differences in the mean body weights between the feeding groups and we demonstrated a dose response of the zinc level in the diet on growth. The induced zinc deficiency had no discernible effect on the antipneumococcal polysaccharide immunoglobulin M (IgM) response following immunization with the pneumococcal vaccine. Although zinc depletion has a detrimental effect on the immune system, the murine T-cell-independent response to antigens such as those in the pneumococcal polysaccharide capsule does not seem to be affected.
Introduction
Adequate zinc nutriture is essential for animal and human health [1] . Zinc is important for the structure and for the catalytic and regulatory action of more than 300 enzymes in mammals [1] . It plays a crucial role in reproduction, regeneration, cell division, wound healing and in the normal functioning of the immune system [1] .
The immune response is particularly sensitive to zinc deficiency, as zinc is essential for cellular activation, proliferation and differentiation. Reduction of the thymus size, reduced thymulin activity and reduced T-cell-dependent immunity are early findings during zinc depletion [2] . A T-cell-dependent immune response involves an array of immune cells, cytokines and clonal expansion of B and T lymphocytes and depends on appropriate antigen presentation. Almost all parts in this process are influenced by zinc availability [2] . Zinc deficiency affects the macrophages adversely, which can impair intracellular killing, phagocytosis and antigen processing and presentation [2] . Some animal studies have indicated that the primary effect of zinc deficiency is a reduction in the number of T and B lymphocytes with little loss of function in the surviving cells. Antigens that mount a T-cell-independent response stimulate mature B lymphocytes directly to secrete antibodies and do not require involvement of other immune cells and cell division [3] . Thus, if a sufficient number of mature B lymphocytes are maintained during zinc deficiency and the function is unaltered, the anti polysaccharide T-cellindependent immune response may not be altered. Some animal experiments, however, have shown that this immune response is substantially, albeit to a lesser degree than the T-cell-dependent immune responses, reduced during zinc depletion [2] .
In mice, zinc depletion causes an increased risk of severe and lethal pneumococcal infection [4, 5] and causes a reduced antibody response to pneumococcal surface protein A (PspA) [5] . The increased severity of pneumococcal infection in zinc-deficient mice may be caused by several factors, including compromised mucosal barriers, reduced immune responses to pneumococcal protein antigens such as PspA [5] or by an inability to mount adequate specific antipolysaccharide immune responses.
Because previous studies usually demonstrate dramatic effects of zinc depletion on the function of the immune system and on the severity of infections, we wanted to explore whether similar effects were seen on the immune response to pneumococcal capsular polysaccharides. BALB/c mice yield a protective immune response to the 23-valent pneumococcal polysaccharide vaccine Pneumovax 1 [6] . Thus, in a dose response manner, we explored whether zinc restriction in young BALB/c mice had an effect on the immune response to this vaccine.
Materials and methods
Adaptation and feeding group allocation. Thirty-two 5-week-old-female BALB/c mice were obtained from Bomholt breeding laboratory, Bomholt, Denmark and were allowed to acclimatize in metabolic cages for 10 days. After the adaptation period, their mean weight was 15.4 g (range: 13.1-18.1). The mice were then assigned to eight strata based on their weights. The four mice in each weight stratum were randomly allocated to four feeding groups. Mice in groups 1, 2, and 3 were given fodder that was identical except that it contained 2.7, 5.8 and 25 mg of elemental zinc per mg, respectively. The mice in group 4 received the same fodder as those in group 3.
Feeding. As zinc intake has marked effects on growth and appetite, precautions were taken to avoid potential effects of differences in the intake of other nutrients by pair-feeding the mice in groups 1, 2 and 3. Thus, group 1 mice which received the diet with the lowest zinc content were fed ad libitum, whereas the mice in group 2 and 3 were offered fodder restrictedly, i.e. the same amount as the weight-matched mice in feeding group 1 ate the previous day. Because of the slower growth of the mice in the low zinc groups, the amount of food offered to the mice in groups 2 and 3 was corrected for differences in body weight between the matched mice. The mice in the fourth group received fodder ad libitum. The mice in groups 1, 2 and 3 were housed individually in metabolic cages whereas group 4 mice were housed together in a standard cage. All mice had free access to deionized water.
Cages. The metabolic cages were from Scanbur (Köge, Denmark). These cages have stainless steel meshed floors to prevent recycling of zinc from body wastes and feeding chambers to control the food consumption. To minimize exposure to environmental zinc, the plastic parts of the cages were washed with 10% HCl prior to use and with deionized water at regular intervals throughout the study.
Immunization. After 42 days of pair-feeding, we immunized the mice with the commercially available pneumococcal polysaccharide vaccine Pneumovax . Fifty microlitres of diluted vaccine containing a total of 11.5 mg antigen, corresponding to 0.5 mg of each of the 23 capsule antigens in the vaccine, was injected subcutaneously on an area on the thorax where the hair had been removed using Veet depilatory cream [7] (Collet-Marwel Hauge, Asker, Norway).
Blood sampling. Blood was collected using 75 ml capillary tubes (Microvette, Sarstedt, Nümbrecht, Germany) after puncture of the lateral hind leg vein [8] and in 1.5 ml microfuge tubes by cardiac puncture at the time of killing. Blood was collected on the day of immunization and on days 6 and 10, thereafter. Following coagulation, the blood was centrifuged, separated and stored at À70 C until analysis.
Zinc analysis. After killing, the left femoral bone was removed aseptically with stainless steel scissors and stored in 1.5 ml tubes at À70 C until analysis, while taking precautions to avoid contamination. Prior to element analysis, lyophilized tissue and diet samples were wetdigested in a Milestone microwave laboratory system (Milestone, Sorisole, Italy) by addition of 2 ml of nitric acid (65% Ultrapure, Merck, Damstadt, Germany) and 0.5 ml of H 2 O 2 (30% p.a., Merck) to samples of 0.2 g of dried material. The concentration of zinc was determined with a Perkin Elmer 3300 flame atomic absorption spectrophotometer (Perkin Elmer, Norwalk, CT, USA). The accuracy and precision of the element analyses were controlled by concomitant analysis of a standard reference material.
Antipneumococcal antibodies. Immunoglobulin M (IgM) antibodies to pneumococcal polysaccharide antigens were measured by a previously described enzyme-linked immunosorbent assay [7] . The absorbance was measured in a spectrophotometer (THERMOmax TM Reader, Molecular Devices, Sunnyvale, CA, USA). The results were analysed and interpreted using SOFTmax 1 data analysis Software v2.3.5 (Molecular Devices). We did not neutralize the serum with antipneumococcal C-polysaccharide as previous studies have shown that this is not necessary when evaluating the immune response to Pneumovax 1 in mice [7] .
Each sample was examined at least twice and was tested in twofold dilutions. The optical density was converted to an arbitrary concentration scale by interpolation from a calibration curve made from pooled serum of immunized BALB/c mice. Each microtitre plate contained the pre-and post-immunization samples from a single weight stratum of matched mice.
Statistical analysis. We used the Kruskal-Wallis equality of populations rank test for estimating the statistical significance of the differences in the fold-rise of specific IgM concentrations between the experimental groups. For comparing the mean zinc concentrations and the mean body weights between the experimental groups, we used one-way ANOVA with the Bonferroni post hoc test. Correlation was assessed using Spearman rank-order correlation. Analysis was undertaken with Stata 1 version 7 and a P value <0.05 was considered to represent statistical significance.
Results
At the time of immunization, i.e. 42 days after initiating pair-feeding, the mean weights in group 1, 2, 3 and 4 were .......................................................................................................................................................................................... (Fig. 1) . Analysis of variance revealed a significant weight difference (P < 0.001) between the mice in group 1 or 2 and group 4, and between group 1 and group 3 mice (P ¼ 0.04). The effect of the diet was also reflected in the zinc levels in the bone (Fig. 2) . There was a strong correlation between the femur zinc content and the weight at sacrifice (rho ¼ 0.68, P < 0.0005).
Immunoglobulin M response
There was a significant and substantial rise in the specific antipolysaccharide IgM concentration from the day of vaccination to days 6 and 10. The immune response was lower on day 10 than on day 6 in all four experimental groups (Fig. 3) . However, there were no substantial or significant differences between the feeding groups, neither on day 6 (P ¼ 0.85) nor on day 10 (P ¼ 0.93).
Discussion
In the present study, we found a substantial effect of the restricted zinc intake on growth and on the zinc concentration in bone, verifying the biological impact of the zinc deprivation. The reason for the weight differences between the feeding groups was not because of differences in intake of energy or of essential nutrients other than zinc, as the mice in group 1, 2 and 3 consumed equal amounts of fodder adjusted for body weight. The effect of zinc restriction on growth was of the same magnitude as observed in other experiments where zinc-depleted mice faced a substantially increased risk of death when challenged with pneumococci [4, 5] . In these experiments, the zincdepleted animals were offered a diet that contained 2.0 mg of zinc per mg fodder, i.e. only slightly lower than the diet for the mice in group 1 of the present study which contained 2.7 mg of zinc per mg. Furthermore, in one of these experiments, the immune response to PspA, which induces a T-cell-dependent response, was substantially and significantly lower in the zinc-deficient than in the zincreplete animals [5] .
We demonstrated an adequate immune response following immunization, as indicated by the rise in antipneumococcal IgM titres. A drop in antipneumococcal IgM concentration from day 6 to day 10 was expected [7] . Strand et al.  .............................................................................................................................................................................................. 
....
There was no difference in the IgM response between the feeding groups neither at day 6 nor at day 10. The lack of statistically significant or biologically relevant differences could have been because of the small group sizes of only eight mice in each group. Furthermore, there are 23 antigens in the Pneumovax 1 vaccine and this IgM response is weaker and varies more than an IgG response to a protein with only one antigen such as PspA. Thus, the small number of animals and the variability of the IgM response may have masked differences in the immune responses. Any small but statistically significant difference would be identified only with a larger sample size than what we used in our study. The differences between the four groups, however, were negligible and suggest that zinc deficiency does not dramatically affect the immune response to pneumococcal polysaccharide antigens in mice.
Human and animal studies have demonstrated a negative effect of zinc deficiency on the resistance to infections and on several facets of the immune system [1, 2, 9] , including the T-cell-independent immune response, even in moderately zinc-deficient animals [2, [10] [11] [12] [13] . Different antigens, other ways of assessing the antigen response and a lower zinc content of the diet compared with that used in our experiment may have caused diverging results. In our experiment, the reduced zinc intake was reflected in reduced growth and did thereby probably also affect other organs, especially those dependent on continuous cell division. The previously described increased risk of lethal pneumococcal infections in zinc-deficient mice may not be mediated through a reduced concentration of specific IgM antibodies against the polysaccharide capsule, as even the most severely zinc-depleted animals in this experiment maintained normal antipolysaccharide antibody concentrations following immunization with the 23 valent polysaccharide vaccine.
Although children less than 2 years of age respond poorly to polysaccharide antigens such as those in the capsule of pneumococci [14] , one study on immunization with pneumococcal polysaccharide antigens demonstrated a reduction in moderate and severe respiratory infections and mortality even amongst children less than 2 years of age [15] . The protective efficacy of polysaccharide vaccines in children, however, remains to be reproduced. If the findings of the current report are later mirrored in humans, there is no reason to believe that the widespread zinc deficiency in developing countries will impinge on the effectiveness of immunization with pneumococcal polysaccharide vaccines. . The vaccine was administered 42 days after initiating a feeding regimen where the pair-fed mice in group 1, 2 and 3 received 2.7, 5.8 and 25 mg of elemental zinc per mg fodder, respectively, whereas the mice in group 4 had been given free access to the fodder given to the group 3 mice.
